Introduction
process. Post-myocardial infarction and heart failure also time dependently involve complex biochemical, neuroLeft ventricular post-infarct remodeling consists of hormonal and electrophysiological changes [1] . Myocarventricular dilatation and eccentric hypertrophy accomdial cells and tissues isolated from failing animals and panied by an increased amount of fibrous tissue. Heart human hearts reveal abnormalities in electrical activities. failure is often the late evolving phase of this adaptative Particularly, the prolongation of action potential repolarisation [2] might predispose to dispersion of repolarisation and development of after-depolarisation, which in turn can induce various arrhythmias [3] .
Various membrane currents defects have been described changes in action potential duration and the anomalous The investigation conforms with the Guide for the Care sensitive to 4-aminopyridine (4-AP) and the slow activatand Use of Laboratory Animals published by the US ing, non-inactivating current, I is more sensitive to K National Institutes of Health (NIH Publication N8 85-23, tetraethylammonium chloride (TEA) [4] . Like in failing revised 1996). human hearts [5, 6] , a major down-regulation of I has to been recently reported in dogs with pacing-induced heart 2.1. Experimental myocardial infarction failure [7] and in rats after post-infarct remodeling [8, 9] . Such a feature had been observed in most pathological
Male Wistar rats weighing 180-230 g underwent left conditions [2] and by itself could account for electrical anterior coronary ligation according to Pfeffer et al. [15] . activity abnormalities. Regional differences in the electroBriefly, rats were anaesthetized with a mixture of 150 physiological properties of the ventricular tissues of the mg / kg IP ketamine and 15 mg / kg IP chlorpromazine heart were previously outlined, particularly in [11] . In rat before being intubated and ventilated. After median-left heart ventricle, marked differences in the density of I to thoracotomy and opening of the pericardium, the left main have been reported in the left ventricular wall, septum and coronary artery was occluded with a 7-0 silk suture at the apex cells [10] . Moreover, pressure overload-induced most proximal point below the left atrial appendage. hypertrophy reduces I density with a tendency to to Successful occlusion was recognized by pallor of the homogenize the ionic profile between the studied regions anterior left ventricular free wall and by the occurrence of [11] .
immediate regional dyskinesia. Sham-operated rats were A specific attention has also been devoted to the L-type 21 submitted to the same treatment except the coronary artery Ca current, I
since a reduction in transmembrane Ca CaL ligation. Rats were then allowed to recover in individual influx could contribute to the pathophysiology of heart cages. Rats surviving the ligation (70% at 4 months, not failure. Literature reports are quite variable with species including the initial death during the surgery and the first and models of hypertrophy [2] . A similar variability occurs two weeks) and shams received similar housing conditions, in post-myocardial infarction and heart failure. I density CaL including ad libitum food, water, and a 12-h day / night is reported to be unaffected in pacing-induced failing dog cycle. Four to six months after operation, rats with postheart [7] . It is also unaffected [8, 12] , or decreased in myocardial infarction (PMI; n57) and sham (n57) were post-infarction remodeled rats [13] as well as in failing sacrificed for electrophysiological and Western-blot experiguinea pig after aortic constriction, an effect that might be ments. related to the cell size [14] .
The chronic infarcted rat heart as a model of left ventricular dysfunction is clinically relevant and has 2.2. Physiological variables predicted results of pathophysiological and pharmacological studies in man [15, 16] . During this late phase of In parallel series of experiments, several physiological evolving heart failure, far from acute infarction, necrosis, variables were estimated after four to six months in rats failure to adaptation and ageing combined their effects. In that underwent the same operation and showed similar this model, both ventricles undergo hypertrophy. The left range of infarcted scar size. After anaesthesia and trachventricle may also show dilatation within the context of eotomy, some rats underwent hemodynamic invasive pump failure while the right atrial pressure is increased study. The right carotid artery was cannulated with a [15, 17] . In this context, we chose to investigate the cellular polyethylene catheter connected to a pressure transducer ionic basis of arrhythmias four to six months after occlu-(Baxter) to record maximal aortic and left ventricular sion of the left anterior coronary artery. Alterations in both end-diastolic pressures. On other rats, under mild anaesthe inwardly rectifying and the early outward currents were thesia, cardiac ultrasound studies were performed with a compared in the apex, septum, left and right ventricles.
Challenge ultrasonograph (ESAOTE BIOMEDICA) using
1
Measurements of various K channel subunit proteins a dynamically focused 7.5 mHz annular array transducer. were perfomed to analyse the effects of myocardial Measurements of left ventricular end-diastolic diameter 21 infarction on protein level expression. Changes in Ca (LVEDD) and end-systolic diameter (LVESD) were genercurrent that mediate changes in action potential configuraally obtained from the parasternal short axis, but occation and decrease of contractile activity were also investisionaly echoes were best defined from the long axis view.
1 gated. The reduction in K currents and the slowing of In vivo Holter monitoring [18] was performed by telemetry 21 Ca current inactivation results support the increase in untethered rats at least a week (for periods up to four months) after intraperitoneal implantation of the transmitter value. Therefore, the maximal error factor was estimated to (Data Science International) during mild anaesthesia [19] . be 0.02660.001 and 0.04360.001 during the flow of the large I and I , respectively.
to CaL
Cells showing inadequacies in voltage control such as 2.3. Ventricular myocytes isolation steep increase in inward current amplitude in the negative slope region of the current / voltage relationship, 'abominVentricular myocytes were isolated from the heart of able notches', excessively long time to peak and / or kinetic urethane-anaesthetized (2 g / kg, IP) sham or ligated rats as changes at a given test pulse as current amplitudes varied previously described [20] . The heart was first perfused for with prepulse membrane potentials, were discarded. 5 min at 358C with a nominally Ca-free HEPES-buffered For action potential recordings, 2-ms suprathreshold solution containing (mM): NaCl 117, KCl 5.7, NaHCO 3 stimuli were applied at 1 Hz. were recorded using a patch CaL (Type A, Boehringer). The heart was then removed from clamp amplifier (model RK-400; Biologic, Claix, France) the perfusion set-up and cut in four pieces: right ventricle, and filtered at 3 kHz. Current traces were digitized at a septum, apex and upper part of the left ventricular free sampling interval of 20-50 ms with a 12-bit analog to wall above the scar. Each sample was gently dissociated digital converter (LabMaster DMA, Scientific Solutions, through the bore of a large-tip pipette followed by two USA) and the ACQUIS1 software (version 2; CNRS decantations to separate dead cells. The cells were then 21 Licence, France) and stored on a computer hard disk. suspended in HEPES buffer with 1 mM Ca and 0.5% Current amplitude was estimated as the difference between bovine serum albumin (pH 7.4). The yield of well-striated, peak inward current and the current level at the end of the elongated cells was near 60% for sham and 40% for PMI 200-ms pulse. Current / voltage (I /V ) relationships and animals. Cell size was estimated after isolation by measuravailability curves were constructed using a standard ing length and width with either a graticule mounted on the double-pulse voltage protocol [20] . Normalization of curlens of a microscope or, most often from pictures of the rent amplitude at the test pulse by the maximal current screen of a video monitor.
recorded as a function of prepulse potential gave the availability curve. The experimental points were fitted to a 2. 4 
. Voltage clamp recording
Boltzmann function: Recordings of the K and Ca currents were perwhere V is the prepulse potential, V the potential for formed in parallel on two set-up using the whole-cell p 1 / 2 half availability and s a slope factor. The peak current configuration of the patch clamp technique at room temvalues of the I /V relationships were converted to conductperature (22628C). To ensure voltage clamp quality, ance, assuming no contamination with the inactivation electrode resistance was between 0.9 and 1.1 MV. Juncprocess. Conductance at each membrane potential was tional potentials were zeroed with the electrode in the normalized by the maximal conductance to obtain the standard solution. After establishing the whole-cell conactivation curve. Experimental points were then fitted to a figuration, the capacitive transients elicited by symmetrical Boltzmann function. 2-mV voltage steps (E ) from 270 mV were used for m Inactivation time course of currents was described by calculation of cell capacitance (C ), access resistance (R ), m s fitting the current traces between the inward peak and the and input impedance [20] . The uncompensated series end of the pulse using the fitting procedures of ACQUIS1 resistance was 4.160. 3 primary antibody was revealed using a secondary perto was performed. I activation characteristic was determined oxidase-conjugated anti-rabbit IgG antibody (1:10000) and to by applying 6 ms prepulses within the range 240 to 150 ECL detection according to the manufacturer's instrucmV in 10-mV increment that were followed by a 240 mV, tions. The blots were quantified by a digital imaging 120-ms pulse. Its inactivation was established by applying system (Scion Image). The blots were stripped for 20 min a 200-ms prepulse within the range 285 to 130 mV in at 508C in a Tris buffer containing 62.5 mM Tris, 2% SDS 5-mV increment that was followed by a 150 mV-200 ms and 10 mM mercaptoethanol adjusted to pH 6.7. pulse. A two-pulse protocol (150 mV, 250 ms) with random interval durations (10 to 3000 ms) allowed to 2.5.1. Statistical analysis determine the reactivation curve. Activation and inactiva-
All averaged values and error bars represent tion curves were fitted to Boltzmann functions.
mean6s.e.m. To evaluate the respective effects of postinfarction heart failure and topographical origin of cells, as 2.4.2. Solutions and drugs well as the interaction between both factors, we used For experiments, a cell aliquot was put in a Petri dish two-way analyses of variance and, in the case of a containing the control solution (mM): NaCl 117, KCl 5.4, significant F-ratio, multiple comparison through the CaCl 1.8, MgCl 1.7, glucose 10 and HEPES 10; pH was Fisher's protected least significant difference procedure. 2 2 adjusted to 7.4 with NaOH. After achieving whole cell For Western blots, densitometric units obtained for PMI patch clamp configuration, the cell was exposed to differanimals were normalized to those obtained for sham ent extracellular solutions by positioning it at the extremity animals and were statistically compared by a Student's of one of six capillaries (inner diameter of each capillary t-test. For each method, significance was assumed at P was 250 mm). Such a system allowed rapid changes of ,0.05. 1 solution (,2 s). For K current recordings, to the above described control solution 50 mM tetrodotoxin (TTX) and 1 2 mM CoCl were added to block respectively Na and 3. Results 2 21 Ca currents. At 2 mM, CoCl also blocked the steady 2 1 state K current [21] . The internal solution contained 3.1. Characterisation of the PMI rats (mM): KCl 120, MgCl 6.8, Na ATP 5, Na creatine glucose 10, HEPES 10; pH was adjusted to 7.4 with surements were performed in rats that underwent the same NaOH. In some cases, NaCl was 30 and TEA 110 mM. In operation. Hemodynamic measurements demonstrated a each experiment, 50 mM TTX was added to the extracellusignificant increase in end-diastolic pressure from 2.560.5 lar solution. The intracellular filling pipette solution conto 17.1613.5 mm Hg (n59). In vivo Holter recordings tained (mM): CsCl 100, TEACl 20, EGTA 10, HEPES 10, demonstrated various spontaneous ventricular premature Na ATP 5, Na GTP 0.4; pH was adjusted to 7.3 with complexes. They occurred with a quite variable frequency 2 2 CsOH. Nifedipine (Bayer, Germany) was prepared as a from a few to several thousand extrasystoles per hour ( Proteins from membrane fractions prepared from iso-3.2. Morphometric changes lated ventricular myocytes were loaded (100 mg per lane) on 7.5% acrylamide gels. After electrophoretic transfer, the markedly dilated and heart weight / body weight ratio was 3.3. Action potential measurement significantly increased despite the free wall of the infarcted area was very thin and consisted of connective tissue. In Typical action potential recordings in a control and a both types of animals, cell dimensions were very similar in PMI cell under whole-cell current-clamp conditions are the four zones while length and width were both sigillustrated in Fig. 2 In PMI performed in papillary muscles isolated from sham and cells, there was no significant regional distribution in I K1 PMI-rat hearts [18] .
and I densities either, whereas regional differences in I K to density were similarly observed. The highest I densities To monitor K currents, ventricular cells were held at the septum (4.861.0 pA / pF; P,0.005) (Fig. 3) . The main 21 280 mV in a TTX-and Co -containing solution to observation was that I and I , but not I , were sig-
inhibit the Na and Ca inward currents. Three major K nificantly reduced in the PMI-rat cells. On the average, I to currents i.e the transient outward current, I , the slowly and I decreased by about 50 and 20%, respectively. In regions. Current densities were estimated at 2130 mV for cells and the physiological state of the rats, so that similar I , at the end of the 300 ms pulse to 150 mV for I , and myocardial infarction-induced long-term effects could be K1 K I was estimated as the difference between peak and noticed in each region for I and I (Fig. 3) . Moreover to to K1
steady currents elicited at 150 mV. I and I were after chronic infarction, the time constants of inactivation To understand whether changes in K current amplitude holding membrane potential at 290 mV had similar resulted from alterations in biophysical characteristics or in amplitude in cells isolated from right ventricle, septum, 1 amount of channel protein, the expression levels of K apex and base of left ventricle of sham rat hearts (Fig. 8A) . channel a-subunits protein were checked by Western blots.
They were also of equal amplitude in the four same Fig. 7 illustrates results obtained on the Kv4.2, Kv1.5, regions of PMI rats. Thus in the following, data obtained from the different regions are pooled. The peak amplitude that the relief from inactivation following high-voltage of I was, however, significantly reduced in the PMI rats prepulses was significantly larger in the PMI cells ( result, the quantity of charges carried by the Ca current gated in PMI cells (Fig. 10) . Relative increase in peak I CaL over a 200-ms depolarizing period at 110 mV in a PMI induced by applying 1 mM isoproterenol was not sigcell was roughly similar to the one estimated in sham cells nificantly different in sham and PMI (57 vs. 48%) (Fig. 8C) . Reduction in peak amplitude and slowing of myocytes. However, the tendency toward reduced responinactivation were equally observed in the four regions.
siveness to b-adrenergic stimulation is consistent with Besides, I
did not show differences in the voltage previous data from patients with heart failure [22] . FurtherCaL dependence of its kinetics. As shown on the currentmore, the application of isoproterenol slowed I inactivaCaL voltage relations, maximal peak current occurred at 0 mV tion in PMI cells in such a way that the amount of charges 21 in both sham and PMI cells (Fig. 9A ) and the steady-state carried by Ca ions increased significantly more after activation and inactivation curves established on the two b-adrenergic stimulation in the PMI (45%) than in the cell types were superimposable (Fig. 9B) . Note however, sham (20%) (Fig. 10C ). In the presence of isoproterenol, slowing of inactivation [2] . I is unchanged after 3 to 4
CaL weeks of pacing-induced heart failure in dogs [7] and in cardiomyopathic human heart [23] but it is reduced in myocardium from patients with end-stage heart failure hypertrophied failing guinea pig heart [14] . Following [25] . Consequently in the PMI cells, the integrated amount extensive healed myocardial infarction in rat, I density of charges flowing during an action potential would not be CaL is unchanged after 3 to 4 weeks despite a simultaneous reduced or even enhanced (Fig. 8) as was also seen in apparent decrease in dihydropyridine binding sites [8, 12] . senescent myocytes [26] . Such is even more true during Later, however, I density decreases [13] . Similarly, a b-adrenergic stimulation. Despite a fade increase in peak CaL 21 decrease in the rate of I inactivation was observed only I , Ca influx is markedly enhanced by isoproterenol
in a few cases that include congestive heart failure of such as the estimated increase in intracellular Ca concardiomyopathic hamster [24] , or late infarct-induced centration is significantly larger in PMI than in control hypertrophy [13] while inactivation is hardly affected cells. within the first 3 to 4 weeks [8] . This observation might in Calcium current is altered density is reduced in the PMI channel current and accelerates its kinetics [28] . This with t 540.362.7 ms and t 5354.9667.5 ms. 1 2 hypothesis is supported by the decrease in DHP binding sites in the myocardium of patients with end-stage heart failure [29] . Third, the level of Gi protein, whose ai 21 subunit competes with the Ca channel b-subunit [28] is protein expression relative to cell size increase, or from known to be enhanced under several pathological con- 21 alterations in the Ca channel behaviour. Four main ditions [30] . An increase in the Gi-protein inhibitory tone possibilities specific to chronic cardiac failure compared to is suggested by the larger relief from inactivation during the early stages of compensated hypertrophy can account high depolarising prepulses, an effect already described for 21 for these changes in I amplitude and kinetics. They the N-and T-type Ca channel [28, 31] tions, the main abnormality in membrane current that sham cells are significantly reduced in the presence of underlies action potential prolongation is a down-regulamethoxamine while I , the remaining current at the end of K 21 tion of I [2] . Such has been reported in myocytes isolated the 300 ms-pulse in the presence of Co ions was to from failing heart dogs [7] and PMI rats [8, 9] as well as in unaffected. These two currents, which were reduced in human ventricular myocytes isolated from patients with PMI cells, were further reduced to similar extent by the terminal heart failure [5, 35] . In the dog pacing-induced a -adrenergic agonist. This is in line with the fact that, 1 heart failure [7] , the reduction in I was attributed to a unlike b-adrenergic receptor density which consistently to reduction in channel number since neither single-channel decreased in failing hearts, a -adrenergic receptor density 1 conductance nor open probability was affected. In the rat appears to be unaffected or increased in some forms of model, the changes in ionic current density have been heart failure [41] . related, at least in part, to the more than 50% reduction in Ventricular arrhythmias are common features in human the mRNA and protein levels of Kv4.2 (putative I ), and heart failure and many other pathological situations. In the to-f
Kv2.1 (I ; putative I ) [36] . In the same model 3 to 5 present model, various ventricular electrical abnormalities K t o -s months later, we observed a decrease in density and were recorded by telemetric ECG monitoring in untethered amplitude of I and I in the cells isolated from each rats (Fig. 1A ) [19] . Besides fibrosis with possible impairto K1
region. The decrease in I amplitude also correlates with a ment of cellular coupling, alterations in ionic currents as to decrease in Kv4.2 protein; moreover, this is accompanied shown in this study might play a key role in the arby alterations in channel behaviour: I inactivation (and rhythmogenicity. One cannot also exclude that during this to also I inactivation) is slowed in the PMI cells as was single cell study even more than during others, there was a K1 already mentioned in hypertrophied rat cells [10] . Reexbias induced by cell dissociation or erratic selection for pression of other isoforms as well as alterations in the patch. So that partly damaged cells would be eliminated; 1 cytoskeleton or in the K channel b-subunit might be despite, the latter due to their short action potentials would anticipated to account for these changes in kinetics and, in heavily contribute to post-myocardial arrhythmia. The part in amplitude, as with the Ca current.
importance of I in the pathogenesis of cardiac arrhythto
In the PMI cells, a decrease in Kv1.5-protein level was mias is suggested by its constant reduction in various observed although it was not significant. Kv1.5 underlies arrhythmogenic substrates including heart failure [2] . I K1 the delayed rectifier (I ) in human heart [35, 37] . In rat also contributes to the cellular electrical behaviour, and Ksus heart, Kv 1.5 a-subunit is assumed to contribute to the disturbances in the gating of I are likely to be ar- K1 1 formation of functional channels carrying I in association rhythmogenic [42] . This effect could mimic the K
with other K a-subunits since K channels are heterotetconductance decreases at voltages around the resting ramers. Kv 1.5 protein level was not changed in the potential reported in the present study and in failing dogs 1 PMI-rat model 3 weeks after ligation [36] . It is interesting and rats [7] [8] [9] . Besides reductions in K currents, the to note that this a-subunit protein is reduced in human slowly inactivating I might be another potential arCaL atrial cells with chronic atrial fibrillation [37] . The expresrhythmogenic source by providing inward charges at the sion of Kv2.1 a-subunit (another protein potentially inplateau level. A last important feature of this study in rat volved in I channels) was not different in PMI cells late heart, is that myocardial infarction after long-term left K after myocardial infarction (Fig. 7) although it was decoronary artery ligation induces similar ionic current creased after 3 weeks [36] . However in the latter case, alterations in the various ventricular regions including the Kv2.1 expression was estimated in cardiac tissue not right ventricle so that such as this tissue might as well be isolated cardiomyocytes; this difference might also be the source of anomalous activity.
